Peroxisomes were visualized in living plant cells using a yellow fluorescent protein tagged with a peroxisomal targeting signal consisting of the SKL motif. Simultaneous visualization of peroxisomes and microfilaments/microtubules was accomplished in onion (Allium cepa) epidermal cells transiently expressing the yellow fluorescent protein-peroxi construct, a green fluorescent protein-mTalin construct that labels filamentous-actin filaments, and a green fluorescent proteinmicrotubule-binding domain construct that labels microtubules. The covisualization of peroxisomes and cytoskeletal elements revealed that, contrary to the reports from animal cells, peroxisomes in plants appear to associate with actin filaments and not microtubules. That peroxisome movement is actin based was shown by pharmacological studies. For this analysis we used onion epidermal cells and various cell types of Arabidopsis including trichomes, root hairs, and root cortex cells exhibiting different modes of growth. In transient onion epidermis assay and in transgenic Arabidopsis plants, an interference with the actin cytoskeleton resulted in progressive loss of saltatory movement followed by the aggregation and a complete cessation of peroxisome motility within 30 min of drug application. Microtubule depolymerization or stabilization had no effect.
The peroxisome is a ubiquitous and versatile subcellular organelle delimited by a single membrane. Peroxisomes are involved in various catabolic and anabolic pathways such as the photorespiration cycle, fatty acid ␤-oxidation, the glyoxalate cycle, ureide metabolism, and the generation of cellular messengers like superoxide radicals and nitric oxide (Tabak et al., 1999; Corpas et al., 2001) . Unlike chloroplasts and mitochondria, peroxisomes do not possess their own DNA. As a consequence, all peroxisomal proteins are nuclear encoded and imported from the cytosol (Baker, 1996) . Once synthesized on free polysomes, these proteins require correct targeting to the organelle. Peroxisomal targeting signals (PTS) have been identified at the carboxy terminus of some proteins (PTS-1) and at the amino terminus in others (PTS-2: Mullen et al., 1997; Flynn et al., 1998; Mullen and Trelease, 2000) . The PTS-1 consists of the sequence Ser-Lys-Leu or a relatively conserved variant (Gould et al., 1989; Miura et al., 1992; Trelease et al., 1996) . In plants, although a variety of signal sequences appear to lead proteins to peroxisomes, effective and unequivocal targeting using a PTS-1 was demonstrated in transgenic tobacco plants where the last six amino acids of glycolate oxidase were sufficient to target the ␤-glucuronidase protein to peroxisomes (Volokita, 1991) .
In animal cells also, the addition of a PTS-1 consisting of the SKL motif to the carboxy terminus of the green fluorescent protein (GFP) from Aequorea victoria effectively targeted the protein to peroxisomes. Expression of the GFP-PTS1 construct was used to demonstrate that peroxisomal dynamics and distribution in living animal cells are dependent on the microtubular components of the cytoskeleton (Wiemer et al., 1997; Schrader et al., 2000) . Furthermore, the inhibition of peroxisomal movement by overexpression of the dynactin subunit dynamitin (p50) suggested a role for dynein/dynactin motors in peroxisome motility and reaffirmed microtubules as exclusive tracks for peroxisomal movement in animal cells (Schrader et al., 2000) . In plants, the random expression of GFP::cDNA fusions in Arabidopsis has led to the generation of at least 29 marker lines where GFP has been targeted to peroxisomes. A majority of these lines possess a PTS-1 at their carboxy terminus and carry the canonical tri-peptide sequence SKL or a close variant thereof (Cutler et al., 2000) . However, despite their visualization in live cells (Mano et al., 1999; Cutler et al., 2000) , details pertaining to the movement of peroxisomes, their choice of cytoskeletal tracks and motors have not been addressed so far in plant cells.
In the context of the intracellular organelle motility, two recent trends are noteworthy. First, contrary to the situation in animal cells, a number of subcellular organelles in plants have been shown to use actin and not microtubule tracks for their intracellu-lar movement (Hawes and Satiat-Jeunemaitre, 2001 ). Second, reports in both animal (Rodionov et al., 1998; Rogers and Gelfand, 1998) and plant cells (Sato et al., 2000) have provided examples of conditional switching between actin and microtubule motors and tracks by some organelles, indicating that cytoskeletal components may adopt cooperative and not exclusive roles in organelle movement.
Keeping these trends in mind, we have assessed peroxisome motility in plants. Live onion (Allium cepa) epidermal cells and transgenic Arabidopsis plants have been transformed with a probe consisting of a PTS1 (SKL motif) fused to the carboxy terminus of a yellow fluorescent protein (EYFP) that is similar to the one used to study peroxisome movement in animal cells (Wiemer et al., 1997; Schrader et al., 2000) . The EYFP-labeled peroxisomes were visualized simultaneously with EGFP-labeled actin microfilaments/microtubules. Peroxisome movement was analyzed in various cell types in transgenic Arabidopsis plants where drug-induced phenotypic alterations provided independent confirmation of the efficacy of drug treatment. The accumulated evidence strongly suggests that peroxisomes labeled with the EYFP-PTS1 fusion protein that had been shown to use microtubular tracks in animal cells move along actin microfilaments in plant cells.
RESULTS

The EYFP-Peroxi Fusion Protein Is Targeted to the Peroxisomal Compartment
The EYFP-peroxi construct (catalog no. 6933-1, CLONTECH Laboratories, Palo Alto, CA) carries a PTS1 containing the SKL motif at its C terminus (Mullen et al., 1997) . Although this is the first time, to our knowledge, that the EYFP-peroxi construct has been used in plants, an EGFP-PTS1 construct (CLONTECH) employing the same target sequence has already been shown to label peroxisomes in animal cells (Schrader et al., 2000) . EYFP-peroxi cloned under a cauliflower mosaic virus 35S promoter in the pRT103 vector (Topfer et al., 1987) labeled numerous motile subcellular structures in both onion and Arabidopsis epidermal cells in a transient assay. Wholemount immunocytochemistry of Arabidopsis seedlings transiently expressing EYFP-peroxi was carried out using antibodies directed against catalase, a peroxisomal matrix protein (Kunce et al., 1988) , and a peroxisomal ascorbate peroxidase (Mullen and Trelease, 2000) . The antibody localization for these peroxisome-specific proteins coincided with all GFPlabeled, yellow-green fluorescent, ovoid, 0.8-to 1.9-m-long, motile bodies and identified them as peroxisomes (Fig. 1, A and B) . After this confirmation of peroxisomal identity, stable transgenic Arabidopsis plants carrying the EYFP-peroxi construct were created via Agrobacterium tumefaciens-mediated transformation. Peroxisomes could be easily observed in all cells in stable EYFP-peroxi transgenic plants as bright, yellow-green motile dots and were clearly distinguished from the orange-red fluorescence of chloroplasts under blue light (approximately 490 nm) illumination (Fig. 1C) .
Peroxisomes Exhibit Different Kinds of Motility in Living Plant Cells
Observations on EYFP-labeled peroxisomes in onion and transgenic Arabidopsis epidermal cells allowed us to distinguish three distinct kinds of motile A, Transient expression of EYFP-peroxi construct in Arabidopsis epidermal cells labeled numerous motile microbodies that were visualized using a fluorescein isothiocyanate (FITC) filter (approximately 490 nm) after being processed for immunocytochemistry using anti-catalase antibodies. B, The same cell in A visualized upon illumination through a tetramethylrhodamine B isothiocyanate (TRITC) filter (approximately 550 nm) showed the secondary TRITC labeling of anti-cottonseed catalase antibody. A similar immunostaining pattern was obtained using the peroxisomal ascorbate peroxidase antiserum. Note that each EYFP-labeled structure in A was labeled red in B, demonstrating that each microbody expressing the EYFP-peroxi protein also expresses the specific peroxisomal protein. C, Upon illumination with blue light from an FITC filter, hypocotyl cells of Arabidopsis transgenic plants carrying the EYFP-peroxi construct displayed numerous bright, yellow-green motile peroxisomes. Chloroplasts appeared red under this illumination.
behavior (Figs. 2 and 3 ). These consisted of (a) a barely perceptible oscillation covering 1 to 2 m where peroxisomes remained anchored to one position for long periods; (b) short-range, slow, to and fro movements covering 2 to 8 m; and (c) saltations, i.e. bidirectional movements frequently covering large intracellular distances (Fig. 2) . Our observations showed that individual peroxisomes within a cell were capable of independent movement where one peroxisome could remain static while its neighbor embarked on a long saltation of up to 250 m (Fig. 2) . Moreover, over time each peroxisome could change its state of motility, its velocity, and the direction of its movement (Fig. 2) . At any given time nearly threefourths (70% Ϯ 2.67%) of the peroxisome population appeared to be resting (Fig. 2) and exhibited only Brownian oscillatory movements. Nearly 15% (12.3 Ϯ 4.1) displayed movement over short distances of up to 8 to 10 m at velocities ranging from 0.2 to 1.6 m s Ϫ1 (mean velocity 0.7 Ϯ 0.2 m s Ϫ1 ). In peripheral regions and trans-vacuolar cytoplasmic strands, nearly 10% of the peroxisomes carried out saltations. These saltations could occur in a single burst of rapid movement (velocities up to 4 m s Ϫ1 ) or with short resting/oscillation phases (velocity ranging from 0.7 to 2.8 m s Ϫ1 ; Figs. 2 and 3 ). An attempt to correlate the variations in speed and distance covered with time by tracking more than 85 individual peroxisomes for up to 5 min failed to provide a clear pattern for movement. Thus, each peroxisome appeared to follow its own random program, making it difficult Figure 2 . Sequential pictures taken at 2-s intervals allowed tracking of individual peroxisomes over 14 s and showed different kinds of peroxisomal motility in living cells. Two peroxisomes (enclosed Ⅺ and E) displayed a barely perceptible Brownian movement and served as reference points for three other peroxisomes (designated 1, 2, and 3), which displayed more active movement. Peroxisome 1 moved rapidly and over a relatively larger distance (moving completely out of frame in the last panel) than 2 and 3, although all three peroxisomes exhibited saltatory movement in the same direction. Peroxisome 4 moved at varying speeds in a direction opposite to that of the other three. Peroxisome 5 displayed short-range movement during this time interval and during the last 4 s, showed very little movement. Other directions of movement may be discerned by observing unlabeled peroxisomes. The right side of the pictures shows an aggregation of peroxisomes from which individuals moved off in different directions at different time points. The pictures also show actin microfilaments in the background. Lines across the pictures act as reference points. to predict its intracellular position or behavior at any given time (Fig. 3) . In addition, it was observed that a varying subset (4.3% Ϯ 2.6%) of the fast-moving peroxisomes could suddenly reverse their direction and continue movement at the same speed (data not shown). In every cell observed, peroxisomes interacted with each other and frequently engaged in transient contacts before continuing on their earlier or a changed path. At intervals, some peroxisomes appeared to fuse together or alternatively to divide and give rise to one or two smaller, independently moving bodies. In addition, in nearly all the cells observed and at apparently random time intervals, many peroxisomes moved toward and aggregated at the same intracellular location (Fig. 2 ) before reembarking on their diverse paths.
These directed movements and sudden changes in velocity/directionality suggested that peroxisome movement did not result from a passive draggingalong in the cytoplasmic streaming motion but could involve an active, driving force. These observations prompted us to covisualize peroxisomes and cytoskeletal tracks before attempting to figure out the possible forces propelling peroxisomes along them.
Covisualization of Peroxisomes and Cytoskeletal Elements Reveals Peroxisome Alignment with Actin Microfilaments
Peroxisomes and actin microfilaments were visualized simultaneously by cobombarding EYFP-peroxi and GFP-mTalin. The GFP-mTalin construct has been shown to label filamentous (F)-actin strands specifically (Kost et al., 1998; Mathur et al., 1999) . Peroxisomes and microtubules were visualized similarly by using EYFP-peroxi in combination with GFP-MBD, which has been shown to specifically label microtubules (Marc et al., 1998; Mathur and Chua, 2000) .
Although a high degree of spectral overlap exists between the GFP and EYFP chromophores, two different strategies distinguished peroxisomes from cytoskeletal elements. Thus, we relied on peroxisome movement and the relative nonmotility of cytoskeletal elements when using a fluorescence microscope. Under blue-light illumination through an FITC filter, peroxisomes appeared as bright motile spots, whereas cytoskeletal elements appeared as long fibrous structures (Fig. 4 , A and G). Fine spectral differentiation achieved using a spectrophotometric confocal microscope (TCS-SP2, Leica) clearly separated the EGFP (used to label cytoskeletal elements) and EYFP (used to label peroxisomes) signals. The two fluorochromes were detected on separate channels and allocated false green and red colors, respectively (Fig. 4B ). The combined observations showed that cortical F-actin strands in onion epidermal cells were relatively short and more compactly arranged ( Fig. 4B ) than the longitudinally stretching transvacuolar F-actin cables (Fig. 4A ). Peroxisomes were closely aligned with actin strands, and their movement followed the contours defined by actin microfilaments (arrows in Fig. 4 , A and B). In cortical regions, peroxisomal movement usually consisted of short-range movements and frequently involved crossing over to neighboring actin strands, which resulted in changes in movement directionality. Many actin filaments were observed within thick trans-vacuolar cytoplasmic strands (Fig. 4 , C-F). A, An onion epidermal cell transiently expressing both EYFP-peroxi and GFP-mTalin observed using a fluorescence microscope showed peroxisomes (arrows) aligned along longitudinally stretched, transvacuolar F-actin strands (af). B, Spectral differentiation between EYFP and EGFP using a spectroscopic confocal microscope (TCS-SP2, Leica Microsystems Vertrieb GmBH, Mannheim, Germany) allowed peroxisomes to be clearly distinguished (arrows) among the dense mesh of cortical F-actin strands (af). Peroxisomes were closely aligned with actin microfilaments (arrows). C through F, Time-lapse sequence (interval between successive images, 1 s) showed that within a thick transvacuolar cytoplasmic strand some peroxisomes (e.g. arrows) moved in diametrically opposite directions along separate F-actin strands. G, Simultaneous expression of EYFP-peroxi and GFP-MBD allowed the visualization of both peroxisomes and microtubules upon illumination through an FITC filter. Note that the directionality of peroxisome movement (long arrow) does not coincide with underlying cortical microtubules (mt) and that there are considerable gaps where microtubules are apparently not present (e.g. between peroxisomes 1 and 3).
However, in most cases, peroxisomes did not follow the general flow of cytoplasm and within a particular strand could even move in diametrically opposite directions (arrows in Fig. 4 , C-F).
Both cortical and subcortical microtubules labeled by the GFP-MBD assumed a net transverse orientation in the onion epidermal cells and the bright, yellow-green motile peroxisomes could be easily distinguished from them ( Fig. 4G) . In some instances, especially in the cortical regions, peroxisome motility appeared to follow microtubule contours, but tracking of individual peroxisomes showed gaps of up to 5 to 10 m in each instance where the peroxisome clearly moved away from the microtubular structure and appeared to jump across clear cytoplasmic areas (Fig. 4G) . Moreover, peroxisome movement, especially the long-range saltations, frequently occurred along the longitudinal axis of the cell and, in most cases, did not show any clear co-alignment with the transversely arranged microtubules (Fig. 4G ). Because the level of gene expression between different cells differed in transient assays, we searched for cells expressing high levels of GFP-MBD, which is known to result in microtubule bundling (Olson et al., 1995; Marc et al., 1998) . In these cells peroxisome movement was not affected despite the presence of pronounced microtubule bundles.
Taken together, the covisualization of peroxisomes and cytoskeletal elements indicated that peroxisome movement was linked to actin and not microtubule tracks. Further confirmation for this observation was sought by using specific microtubule-and microfilament-interacting drugs.
Effect of Cytoskeletal Drugs on Peroxisomal Motility
Drug inhibitor studies were carried out initially on onion epidermal cells that transiently expressed EYFP-peroxi alone or in combination with GFPmTalin or GFP-MBD. The drug treatments were extended subsequently to transgenic Arabidopsis plants carrying the EYFP-peroxi construct. Although all cells in these transgenic plants displayed fluorescent peroxisomes, for this study, we focused on three cell types exhibiting the two different modes of cell growth, namely tip and diffuse growth. These cell types, namely, trichomes and cortical and hair cells of the root, provide the additional advantage that they display clear morphological alterations upon treatment with microtubule-and actin-interacting drugs (Baskin et al.1994; Mathur et al., 1999; Baluska et al., 2001) . Their use introduced an independent, visually scoreable morphological criterion for ensuring that each cell where peroxisomal motility was assessed had clearly sensed and responded to the respective drug treatment.
Specific and well-characterized microtubuleinteracting drugs oryzalin, propyzamide (depolymerize microtubules), and paclitaxel (stabilizes microtubules) and actin-interacting drugs CD and Lat-B (both affecting actin polymerization) were used.
Drug Treatments of Onion Epidermal Cells Expressing Peroxisome and Cytoskeletal Marker Genes Transiently
A treatment of onion epidermal cells expressing EYFP-peroxi either alone or in combination with GFP-mTalin with the drugs CD and Lat-B at 2 m concentration resulted in a rapid, global arrest of peroxisomal movement (Fig. 5) . Within 10 min of drug application, peroxisome movement became sluggish and long-range saltations decreased by 80% (Figs. 5 and 6 ). Peroxisomes started arranging themselves in large circular formations (Fig. 5A) , and their movement gradually became restricted to short 1-to 4-m oscillations (Fig. 5B) . Movement became restricted earlier in Lat-B-treated cells (Fig. 6 ), whereas CD treatment allowed short-range movement to continue for an additional 10 to 15 min. At the end of 30 min, however, all traces of peroxisome movement were limited to Brownian oscillations, and the peroxisomes had assembled into loose globular aggregates (Fig. 5, C and D) . CD-treated cells at this time displayed short F-actin filaments (Fig. 5C ), whereas Lat-B-treated cells displayed a general, diffuse, green fluorescence. Removal of CD through five sequential washes over 30 min allowed a slow but complete recovery of peroxisomal movement. Nearly 30% of peroxisomes resumed saltatory motion by 5 h. Lat-B-induced inhibition of peroxisome motility was more lasting and could not be restored in more than 80% of the cells even after 12 h.
On the other hand, treatment of cells expressing EYFP-peroxi alone with the microtubule-depolymerizing drugs oryzalin and propyzamide did not appear to affect peroxisome motility (Fig. 6 ). The same treatment was extended to cells co-expressing EYFP-peroxi and GFP-MBD, whereupon cortical microtubules followed by the thicker subcortical microtubule bundles broke down completely within 1 h of treatment with 30 m oryzalin or propyzamide. Peroxisome motility remained unaffected over the next 12 h. No effect on peroxisome motility or actin filaments was observed in cells co-expressing EYFPperoxi and GFP-mTalin treated with 30 m oryzalin for 1 h (Fig. 7, A-D) . Treatment with 5 m of the microtubule-stabilizing drug paclitaxel similarly resulted in the formation of microtubule bundles within 180 min but did not affect peroxisomal motility (Fig. 7, E-I ). However, control experiments consisting of Lat-B/CD treatment of cells co-expressing EYFP-peroxi and GFP-MBD displayed peroxisome aggregation with no apparent loss of microtubule integrity (Fig. 7J) .
To check the global verity of our observations suggesting an actin-based peroxisome movement, further observations on drug effects were carried out in different cell types of transgenic Arabidopsis plants carrying the EYFP-peroxi construct.
Drug Treatments of Transgenic Arabidopsis-EYFPPeroxi Plants
The three Arabidopsis cell types selected for distinct response to cytoskeletal drugs were trichomes, root hairs, and cortical cells of the root elongation zone. In Arabidopsis, these cells exhibit distinct morphological responses to microtubule-and microfilament-interacting drugs (Baskin et al., 1994; Bibikova et al., 1999; Mathur et al., 1999; Baluska et al., 2001) . The specific, drug-induced morphological responses of the three cell types were observed in more than 250 cells of each kind and always correlated with the respective observations on peroxisomal motility.
Peroxisomes in Trichomes before and after Drug Treatment
Wild-type Arabidopsis trichomes are large cells, having basal diameters of nearly 40 to 50 m and extending out from the epidermis for up to 300 to 500 m. In general, between 75 and 150 peroxisomes could be counted per trichome cell (Fig. 8A) , and their movement is comprised largely of long-range saltations. Although a clear pattern of movement could not be deciphered from the movements of single peroxisomes within a trichome cell, nearly 40% of peroxisomes cycled around the cell within 3 min. The cycle could involve a straight path from the base of the trichome cell right to the tip of a branch followed by a reversal of direction and a foray into another branch. As an alternative, a peroxisome could cross over to an adjoining track in the middle of a saltation and continue in an altogether different direction. As observed in onion cells transiently expressing the EYFP-peroxi peroxisome, velocity varied greatly in different regions of the trichome cell and the saltation could be interrupted by numerous short stops and transient contacts with other peroxisomes.
Upon interference with the actin cytoskeleton, the unicellular, two to three branched, stellate trichomes of EYPF-peroxi transgenic Arabidopsis plants re- mained short but became distorted (Fig. 8B) . Peroxisome distribution in the distorted trichomes was limited to small cytoplasmic pockets where peroxisomes performed minute Brownian oscillatory movements only (Fig. 8C) . Treatment of EYFP-peroxi transgenic plants with microtubule drugs (30 m oryzalin/propyzamide or 5 m paclitaxel) for 48 h resulted in large, rounded trichome cells (Fig. 8D) . In all A through D, Time-lapse images of an onion cell expressing EYFP-peroxi and GFP-mTalin taken at 2-s intervals 1 h after treatment with 30 M oryzalin. F-Actin strands (MF) with motile peroxisomes were seen. The movement of five peroxisomes was followed over 6 s and revealed that they were still moving actively. Note that peroxisomes labeled 1, 2, and 5 moved in a direction opposite to 3 and 4. N, Cell nucleus. E through I, An onion epidermal cell expressing EYFP-peroxi and GFP-MBD treated with 5 M of the microtubule stabilizer paclitaxel for 2 h revealed thick microtubule bundles (MT) and motile peroxisomes. Tracking of individual peroxisomes (arrowheads) over 6 s showed their motility to be unaffected. Note that peroxisomes 1 and 3 (arrow) moved across nearly 10-m areas that appeared devoid of microtubule bundles, whereas peroxisome 2 moved in an opposite direction to them. J, An onion epidermal cell expressing EYFP-peroxi and GFP-MBD treated with 2 M of the actin drug Lat-B for 30 min showed peroxisomal aggregation (arrowheads), whereas microtubule bundles (MT) remained intact.
microtubule-drug-affected trichomes, peroxisome motility remained unchanged, and peroxisomes continued longitudinal saltations and cyclic movements around the newly defined, rounded cell periphery (Fig. 8D) . The observations clearly indicated that, in trichome cells, peroxisomal motility involves the actin cytoskeleton, whereas an interference with the microtubular cytoskeleton does not impede their movement.
Peroxisomes in Root Cortex and Hair Cells before and after Drug Treatments
Peroxisome movement in cortical cells of the root essentially occurred along the cell periphery. As described previously by Baskin et al. (1994) , treatment with both microtubule-depolymerizing and -stabilizing drugs caused root cortical cells in the elongation zone to swell to nearly isodiametric dimensions (Fig. 9) . However, peroxisome identity and movement remained unaffected in these cells (Fig. 9) . Treatment with 2 m Lat-B inhibited root elongation and resulted in small, unexpanded cells with arrested peroxisomes (Fig. 9) .
Peroxisome movement in wild-type root hairs consisted primarily of long saltations from the base of the hair to its tip with occasional short stops and transient contacts between peroxisomes (Fig. 9) . The movement did not follow the reverse fountain type of cytoplasmic streaming described for Arabidopsis root hairs because peroxisomes frequently changed their tracks and direction of movement (data not shown). Treatment with both microtubule-depolymerizing and -stabilizing drugs resulted in wavy, multibranched root hairs (Fig. 9) . Peroxisome movement continued unaltered along the branched haircell periphery (Fig. 9) . Again a treatment with the actin-depolymerizing drugs CD or Lat-B resulted in short, thick root hairs exhibiting distinct pockets of oscillating peroxisomes (Fig. 9) .
Observations on different cell types in Arabidopsis and onion epidermal cells demonstrated that peroxisome movement clearly depended on the actin cytoskeleton but did not involve a passive streaming along in the general cytoplasmic flow. In an attempt to identify the driving force behind this actin cytoskeleton-dependent motion, the involvement of myosin motors was investigated.
Effect of the Myosin Inhibitors on Peroxisome Movement
Two common myosin inhibitors 2,3-butanedione monoxime (BDM) and N-ethylmaleimide (NEM) with varying levels of efficacy were used. BDM is a specific inhibitor of myosin ATPase (Herrmann et al., 1992; Samaj et al., 2000) . NEM is an SH-blocking reagent that inhibits the actin-activated myosin ATPase by alkylating essential SH groups in the head region of the heavy chain of the myosin molecule but also displays nonspecific activity (Kohama et al., 1987) .
Following published literature (Nebenfü hr et al., 1999; Huber et al., 2000; Samaj et al., 2000) , BDM was used at five different concentrations (2.5, 5, 10, 20, and 30 mm) but failed to arrest peroxisomal movement completely (Fig. 10) . Peroxisomes continued moving at the same velocity as untreated controls at low concentrations (2.5-10 mm) of BDM. At the higher concentrations of 20 and 30 mm BDM, their velocity slowed down to nearly one-half over a period of 3 h (Fig. 10) . Complete cessation of movement was not observed even 24 h after treatment with BDM in onion epidermal cells and seedlings of EYFPperoxi transgenic plants.
Treatment of onion epidermal cells and Arabidopsis transgenics expressing the EYFP-peroxi protein with three different concentrations (50, 100, and 250 m) of NEM resulted in a global arrest of peroxisome movement within 180 min (Fig. 10) . As with the actin-depolymerizing drugs, the peroxisomes grouped together into globular aggregates. The inhibitor was washed out over 50 min, and approximately 60% of the cells treated with 50 and 100 m concentrations exhibited a complete recovery of peroxisome movement within 5 h. Peroxisomes in cells treated with 250 m NEM did not regain motility even after 12 h.
The ambiguity of these results led us to perform identical experiments with transgenic plants carrying GFP targeted to mitochondria (Logan and Leaver, 2000) . Mitochondria have been shown to associate with the actin cytoskeleton (Olyslaegers and Verbelen, 1998 ). In our drug experiments, mitochondria behaved in a manner almost identical to peroxisomes (data not shown). BDM treatment of GFPmitochondria transgenics with 30 mm BDM slowed down but did not stop their movement, whereas 250 m NEM arrested it completely (data not shown). 
DISCUSSION
Peroxisome Labeling and Covisualization with Cytoskeletal Elements
The GFP has revolutionized live-cell imaging (Hanson and Kö hler, 2001; Hawes and Satiat-Jeunemaitre, 2001 ). In plants, specific targeting of GFP has allowed the visualization of individual subcellular structures such as endoplasmic reticulum (Haseloff et al., 1997) , Golgi stacks (Boevink et al., 1998; Nebenfü hr et al., 1999) , mitochondria (Kö hler et al., 1997b) , nuclei (Grebenok et al., 1997) , plastids (Kö hler et al., 1997a; Sidorov et al., 1999) , plasma membrane (Bischoff et al., 2000) , vacuoles (Di Sansebastiano et al., 1998; Mitsuhashi et al., 2000) , cell wall (Scott et al., 1999) , actin microfilaments (Kost et al., 1998) , and microtubules (Marc et al., 1998; Ueda et al., 1999) . GFPlabeled peroxisomes have been visualized by Cutler et al. (2000) and Mano et al. (1999) .
Although direct visualization of an organelle moving on actin or microtubule tracks in live plant cells has not been reported so far, to our knowledge, many of the studies mentioned above have used a combination of immunolocalization techniques and pharmacological treatments to link the respective organelle behavior with cytoskeletal components.
This study used a commercially available EYFP-peroxi construct (CLONTECH) carrying a well-characterized PTS1 at the carboxy terminus. Although this is the first time, to our knowledge, that this construct has been used in plants, the same PTS1 consisting of the SKL motif fused to GFP has been shown to label peroxisomes in animal cells (Schrader et al., 2000) . Following the method of Cutler et al. (2000), we reconfirmed the targeting of the EYFP-peroxi construct to peroxisomes through immunocytochemistry. Antibodies against catalase, a peroxisomal matrix protein, and a peroxisomal membrane-bound ascorbate peroxidase faithfully localized to all GFP-labeled structures confirming them as peroxisomes. Thus, this study adds to the number of live-cell probes available for visualizing subcellular components. In addition, the covisualization of peroxisomes and cytoskeletal elements was achieved for the first time, to our knowledge, in living plant cells. Although the spectrally well-separated GFP variants CFP and YFP are the favored fluorescent proteins for two-color imaging (Tsien, 1998) , this study uses spectral differentiation between two GFP variants with a high degree of spectral overlap and very close emission peaks (510 and 524 for EGFP and EYFP, respectively). The clear separation between GFP and YFP was achieved using a spectrophotometric confocal microscope (TCS-SP2, Leica) and clearly visualized the close association between peroxisomes and actin microfilaments.
Actin Microfilaments and Not Microtubules Are Involved in the Spatial Organization and Motility of Peroxisomes
Contrary to the expectations developed from reports in animal cells, the movement of organelles such as nuclei and Golgi elements in plants is actin and not microtubule based (for review, see Hawes and Satiat-Jeunemaitre, 2001 ). Although earlier reports in both animal and plant systems supported exclusive roles for microtubules or microfilaments as cytoskeletal tracks for organelle motility (Williamson, 1993; Cole and Lippincott-Schwartz, 1995) more recent studies indicate a cooperative scenario, wherein subcellular structures such as melanophores (Rodionov et al., 1998) , mitochondria (Morris and Hollenbeck, 1995) , and chloroplasts (Sato et al., 2000) may conditionally choose and switch motors and tracks between microfilaments and microtubules. Thus, a certain degree of flexibility and functional redundancy appears to be associated with subcellular organelle movement.
Studies on peroxisomal motility in animal cells have demonstrated microtubules as the preferred tracks for peroxisome movement (Rapp et al., 1996; Schrader et al., 1996; Wiemer et al., 1997) . Observations leading to this conclusion in chicken hamster ovary cells (Rapp et al., 1996; Huber et al., 2000) included evidence from transmission electron microscopy, which revealed a close association between peroxisomes and microtubules. Further evidence involved a complete cessation of saltations in response to the antimicrotubule drugs nocodazole and colcemid. However, Rapp et al. (1996) conceded that the intracellular movement of peroxisomes was influenced not only by nocodazole treatment but also, to a lesser extent, by the actin polymerization inhibitor CD. Thus, saltations were still observed in CDtreated cultures, but their velocity was reduced by nearly 25%. It was unclear whether this CD-induced effect pointed to indirect or direct interaction with the actin cytoskeleton. As a consequence, Rapp et al. (1996) suggested that the actin-dependent organelle motility that seemed to be coordinated with the microtubule system possibly fulfilled a subservient role in organelle transport. In view of the more recent reports of cooperative interaction between subcellular organelles and actin and microtubule motors, one is inclined to believe that peroxisome movement in animal cells may also favor a cooperative rather than an exclusive track system.
On the contrary, our observations in plant cells indicate that actin filaments and not microtubules act as exclusive tracks for peroxisome motility. We prove this by direct observation of peroxisome movement along F-actin microfilaments and clearly not along microtubular tracks. In cortical areas, peroxisome movement sometimes appeared to follow microtubule tracks, but tracking of individual peroxisomes identified areas in their path where they departed clearly from the underlying microtubule strands. In onion cells, a considerable degree of microtubule and actin filaments run parallel to each other (J. Mathur and M. Hü lskamp, unpublished data), and such closely laid tracks could easily create the illusion of microtubules being the preferred/alternative tracks for peroxisomal movement. To provide a certain degree of specificity to the kind of cytoskeletal element involved, drug treatments have frequently formed an integral part of studies relating to organelle motility (Rapp et al., 1996; Nebenfü hr et al., 1999; Huber et al., 2000) . We applied similar parameters to seek further confirmation for our observations. Treatment of onion epidermal cells transiently co-expressing the different markers, with a variety of cytoskeletal drugs, known for their specific but differing modes of action confirmed that peroxisome movement is actin based. To verify the global veracity of results obtained with onion epidermal cells, we extended our observations to three cell types exhibiting different modes of growth in Arabidopsis plants. Thus, trichomes and root cortical cells generally elongate by a diffuse growth mechanism involving the microtubule cytoskeleton. Root hairs, on the other hand, develop by an actin cytoskeleton-based tip-growing mechanism. Because these cell types respond in characteristic ways to drugs that interact with the actin and microtubule cytoskeleton (Baskin et al., 1994; Bibikova et al., 1999; Mathur et al., 1999; Baluska et al., 2001) , the success of our drug treatments was verified by an independent observation of altered cell morphology that were made before assessing the state of peroxisome motility in these cells. In each case, an interference with actin polymerization led to the slowing down and eventual arrest of peroxisome motility. On the contrary, even long-term treatments spanning up to 2 weeks with microtubule-depolymerizing/stabilizing drugs created numerous alterations in cell morphology but did not affect peroxisome movement. These observations lead us to conclude that in plant cells peroxisomes move along actin and not microtubule tracks.
Peroxisome Movement May Not Involve Myosin Motors and Be an Actin Polymerization-Based Process
In plants, inhibitors and immunological techniques have provided convincing evidence for an actinbased system of movement (Hawes and SatiatJeunemaitre, 2001 ). The involvement of myosin motors has, in most cases, been presented as a major possibility rather than a proven fact (Olyslaegers and Verbelen, 1998; Kandasamy and Meagher, 1999) . The well-analyzed movement of Golgi units in plants has relied on the use of two drugs, NEM and BDM, for associating myosin motors with Golgi motility (Boevink et al., 1998; Nebenfü hr et al., 1999) . Thus, Boevink et al. (1998) (2000) demonstrated that treatment of Chinese hamster ovary cells with up to 10 mm BDM had no effect on peroxisomal movement. This particular observation was used as additional support for a role for microtubules in peroxisomal movement (Huber et al., 2000) . We, therefore, treated both onion epidermal peels (transiently expressing EYFP-peroxi) and transgenic EYFP-peroxi Arabidopsis seedlings with the reported concentrations of myosin inhibitors (Boevink et al., 1998; Nebenfü hr et al., 1999; Huber et al., 2000) .
Peroxisome movement ceased in onion epidermal cells within 30 min of 50 m NEM application but could be restarted upon removal of the inhibitor. However, NEM is a nonspecific sulfahydrylpoisoning agent that also inhibits myosin motors along with other effects (Kohama et al., 1987) . On the contrary, even 30 mm BDM, acknowledged as a more specific inhibitor of myosins (Samaj et al., 2000) , failed to arrest peroxisome movement completely. Movement velocity did slow down considerably, but it is unclear whether this was because of a specific effect of BDM on myosins or an artifact resulting from its high concentration. These experiments suggested that, although peroxisome motility is actin based, it does not seem to involve myosin motors. To test whether this observation is peroxisome specific or is generally true for other organelles that display an actin-based motility, we assessed the motility of mitochondria (Olyslaegers and Verbelen, 1998) . Transgenic plants carrying GFP-labeled mitochondria (Logan and Leaver, 2000) were used. Mitochondria behaved in a manner similar to peroxisomes.
Their movement also was not totally arrested by BDM. One possible explanation for this unexpected finding is that the movement of these two organelles is driven by actin polymerization. Mitochondrial motility in yeast (Saccharomyces cerevisiae) has been shown to be driven by actin polymerization and involves the ARP2/3 complex (Boldogh et al., 2001 ). This mechanism is well studied for the motility of neutrophils (Weiner et al., 1999) , endocytic vesicles (Merrifield et al., 1999) , and microbial pathogens like Listeria monocytogenes and Shigella spp. (May et al., 1999; Frischknecht and Way, 2001) .
Although, at this stage, it is unclear whether subcellular organelles like mitochondria and peroxisomes in plants also use a similar ARP2/3 complexbased mechanism for their movement, the following observations from our actin drug experiments are highly suggestive. The two actin drugs CD and Lat-B used by us differ in their mode of action. Lat-B associates and competes with actin monomers that are required for efficient polymerization, whereas CD affects the kinetics of actin polymerization by binding at the ends of an actin filament (Brown and Spudich, 1979; Morton et al., 2000) . Because of its direct action on monomeric actin, Lat-B behaves as a more potent inhibitor compared with CD. An actin polymerization-driven process would therefore be expected to stop much earlier upon Lat-B treatment than CD treatment. Our data showing a rapid arrest of peroxisome movement upon Lat B treatment compared with CD treatment are consistent with actin polymerization-driven movement.
Thus, in addition to the direct revelations about peroxisome motility, this work also opens up the exciting possibility of investigating an actin polymerization-based mechanism for organelle motility in plants.
MATERIALS AND METHODS
Transient Transfections
Gold particles (1 m, Bio-Rad, Hercules, CA) were coated with EYFP-peroxi DNA or its combinations (1:1 [w/v]mixture) with GFP-mTalin and GFP-MBD DNA following the manufacturer's directions. Particles were delivered into onion (Allium cepa)/Arabidopsis epidermal cells using the Biolistic PDS-1000/He system (Bio-Rad) with 1,100-pounds inch Ϫ2 rupture discs under a vacuum of 25 inches of Hg. After bombardment, tissue was maintained on moist filter paper in parafilm-sealed plastic petri dishes. Fluorescence microscopy was carried out on tissue mounted in tap water 24 to 72 h after bombardment.
Transgenic EYFP-Peroxi Plants and Culture Conditions
Flowering plants of Arabidopsis (ecotype Landsberg) were transformed with EYFP-peroxi by dipping them for approximately 20 s in a suspension of Agrobacterium tumefaciens strain GV3101-carrying p35S-EYFP-peroxi construct in the pCAMBIA 1300 vector (kindly provided by Richard Jefferson, Commonwealth Scientific and Industrial Research Organization, Canberra, Australia), in 5% (w/v) Suc solution containing 0.05% (v/v) Silwet. Seeds were harvested after 6 weeks and selected for the transgene by germination on Murashige and Skoog (1962) medium plates containing 20 mg L Ϫ1 Hygromycin-B (Boehringer Mannheim, Basel).
Immunocytochemistry
Whole-mount immunocytochemistry on onion epidermal peels and 4-d-old Arabidopsis seedlings bombarded with EYFP-peroxi construct was done following the methods described by Boudonck et al. (1998) and Cutler et al. (2000) . Primary antisera raised against a peroxisomal matrix protein, catalase (Kunce et al., 1988) , and cucumber (Cucumis sativus) peroxisomal ascorbate-peroxidase (Mullen and Trelease, 2000) were kindly provided by Dick Trelease (Arizona State University, Tucson). Triton X-100-permeabilized and bovine serum albumin-blocked tissue was incubated overnight in 1:50 (v/v) dilutions of antisera in phosphate-buffered saline. The primary antibody was detected using TRITC-conjugated secondary goat-anti rabbit antibodies (Sigma, St. Louis). Images were acquired sequentially using TRITC and FITC filters on a DMRE fluorescent microscope (Leica) and the DISKUS frame grabbing software (version 4.20 Technisches Buro, Konigswinter, Germany).
Treatment with Drugs Affecting the Cytoskeleton
Microtubule-depolymerizing drugs oryzalin and propyzamide (Crescent Chemical Co., Singapore), the microtubule-stabilizing drug paclitaxel (Molecular Probes, Eugene, OR), and actin depolymerizing drugs CD (Sigma) and Lat-B (Calbiochem, San Diego) were dissolved in ethanol/dimethyl sulfoxide according to the manufacturer's instructions and diluted directly to the required concentration in tap water (for transient assays) or Murashige and Skoog liquid medium (for treatment of transgenic Arabidopsis plants). The drug solution was directly applied to onion epidermal peels on the glass slide. Observations on epidermal peels started soon after drug application and continued over the next 72 h. For every drug treatment, 10 epidermal peels with approximately 250 cells expressing the DNA probes were analyzed. Transgenic seedlings were treated with drugs after the first leaf primordia were visible and were maintained in 5-mL plastic petri dishes. They were first immersed in the drug solution for 2 min and then placed in an upright position on a filter paper that dipped in 2 mL of drug solution. Observations on the treated plants were initiated 48 h after the initiation of the drug treatment and continued over 7 d. For each experiment, 25 plants were analyzed, and every experiment was carried out at least three times.
Live Cell Microscopy
Living plant cells were observed using an epifluorescence microscope (LEICA-DMRE) equipped with a high-resolution KY-F70 3-CCD camera (JVC, Freidberg, Germany) and the filters GFP-LP, dual band filter FITC/Texas red, and a TRITC filter. Confocal microscopy was carried out on a TCS SP2 system (Leica). A krypton-argon laser (488-, 568-, and 647-nm lines) was used to discriminate between the EGFP and EYFP fluorochromes. The bandwidth mirror settings for discriminating between the two signals were 493/518 (EGFP) and 585/612 (EYFP). The two channels were allocated false green (EGFP) and red (EYFP) colors. Image stacks were processed using Photoshop 6.0 software (Adobe Systems, Mountain View, CA).
Computerized Image Analysis
Digital images from the fluorescence microscope were captured using the DISKUS frame grabbing software. Using the sequential image grabbing function, an image was acquired every second, allowing the tracking of individual peroxisomes for different time periods. The measurement function in the DISKUS program was then used for calculating the velocity and distance covered by each peroxisome. Thus, average values were acquired for 50 peroxisomes executing different kinds of movements. Data were processed using the Excel 2001 program (Microsoft, Redmond, WA). All images were processed using Adobe Photoshop 5.5 software. Quick-time movies of peroxisome movement were generated from sequential images acquired at 1-s intervals and threaded together into a movie sequence using QuickTime 5.0 program.
Supplementary Material
Time-lapse movies of peroxisome movement in living plant cells can be viewed at http://www.plantphysiol.org.
